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Abst rac t  

To d a t e ,  t he  only completely non-empirical method of p r e d i c t i n g  
de tona t ion  parameters is t h a t  developed by Paterson and based on 
t h e  v i r i a l  equat ion  of s t a t e .  This method is more appea l ing  now 
than  i n  the  p a s t  because of improved techniques f o r  t h e  estima- 
t i o n  of v i r i a l  c o e f f i c i e n t s ,  and because of i n t e r e s t  i n  new ex- 
p los ive  ma te r i a l s  which cannot be expected t o  adhere t o  c o r r e l a -  
t i o n s  based on f a m i l i a r  CHON explosives.  

I n  t h e  p re sen t  work, t h e  v i r i a l  technique is updatedand expanded 
t o  inc lude  explos ives  based on B,C, H, 0, N and F. 
t ona t ion  pressures  i n  CHON explos ives  agree w i t h  experimental  
va lues  with an accuracy comparable t o  t h a t  exh ib i t ed  by t h e  Cook 
and Kistiakowsky-Wilson-Brinkley methods. 
f o r  de tona t ion  pressure  i s  presented. 
of s eve ra l  systems based on boron and f l u o r i n e  a r e  a l s o  pred ic ted .  

By applying s u i t a b l e  approximations t o  t h e  s o l u t i o n  f o r  de tona t ion  
pressure ,  an equation i s  der ived  which r e l a t e s  t h i s  parameter t o  
t h e  s t r u c t u r e  of t h e  de tona t ing  molecule and t h e  s to ich iometry  of 
t he  decomposition r eac t ion .  The de tona t ion  pressure  r i s e s  nea r ly  
l i n e a r l y  with hea t  of explos ion  and very r ap id ly  a s  the average 
number of atoms per product molecule decreases.  

Predic ted  de- 

A closed-form equa t ion  
The de tona t ion  parameters 

In t roduc t ion  

A knowledge of t h e  p rope r t i e s  of s t a b l e  de tona t ions  i n  explos ive  m a t e r i a l s  is 
necessary  t o  an apprec i a t ion  of t h e  s a f e t y  hazards encountered i n  handling these  
substances.  The c h a r a c t e r i s t i c s  of de tona t ions  i n  conventional exp los ives  have 
been deduced t o  a l a r g e  e x t e n t  from de tona t ion  v e l o c i t y  measurements, b u t  such 
an approach cannot be appl ied  t o  many compounds o r  mixtures which have been pro- 
duced i n  small  q u a n t i t i e s ,  a r e  impure, or indeed, may be hypothe t ica l .  When 
enough of a ma te r i a l  of i n t e r e s t  has  been made t o  permit a shock s e n s i t i v i t y  
test, the  ' f i na l  v e l o c i t y  of t he  acceptor  shock can be compared with t h e  pre- 
d i c t e d  Chajanan-Jouguet v e l o c i t y  t o  a s c e r t a i n  whether, i n  f a c t ,  a high-order 
de tona t ion  has been produced sympathe t ica l ly .  A scheme f o r  p r e d i c t i n g  de- 
t ona t ion  c h a r a c t e r i s t i c s  might a l s o  be use fu l  f o r  p r e d i c t i n g  d e t o n a b i l i t y  and 
br i sance ,  and f o r  computing exothermic i ty  and v i r i a l  c o e f f i c i e n t s  from exper i -  
mental  de tona t ion  measurements. 

The p red ic t ion  of Chapman-Jouguet (C-J) p r o p e r t i e s  is made d i f f i c u l t  by the  
l ack  of a simple equat ion  of s t a t e  f o r  t h e  ho t ,  highly-compressed product gases. 
Those most commonly used have been t h e  Abel and Kiotiakowsky-Wilson (K-W) equa- 
t i o n s  of s t a t e r  
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Abelr P(V- b()=NRT 
Kistiakowsky-Wilson: PV/NRT = 1 + x exp(px) 

where P = pressure  
V = s p e c i f i c  volume 
4 = Abelian covolume 
N = number o f  gaseous moles 
R = gas  c o n s t a n t  
T = temperature  

k‘= KW covolume 
a n d @ ,  a ,  B and K a r e  empirically-determined constants .  

When t h e  b e l  equat ion  of s t a t e  i s  used, the  covolume i s  assumed t o  be a cons tan t  
empir ica l  p roper ty  of t h e  explosive o r  a general ized f u n c t i o n  of s p e c i f i c  volume. 
Cook1 found t h a t  a s i n g l e  curve of covolume versus  C-J  s p e c i f i c  volume cou?c be 
drawn through experimental  p o i n t s  f o r  two p i c r a t e s ,  l ead  az ide ,  mercury fulminate 
and a series of CHON explosives .  The K-W equat ion has  formed the  b a s i s  of a com- 
p u t e r  code, RUBY*, developed a t  t h e  Lawrence Radia t ion  Laboratory, which has  been 
used widely t o  p r e d i c t  de tona t ion  parameters i n  CHON explos ive  systems. 
t h e  v i r i a l  equat ion  of s t a t e  w i l l  be used. 

Here, 

Analysis 

1. Mathematical Formulation i n  the  Absence o f  Condensed Products 
The general  v i r i a l  equat ion  of s t a t e  of a gas is 

PV/NRT = 1 + bo/V + a2 (b,/V)* t a3 (b3/V)3 +.... (2) 

where b = v i r i a l  c o e f f i c i e n t s  
a i  = c o n s t a n t s  
i 

Severa l  p a r t i c u l a r  v i r i a l  equat ions have been proposed, d i f f e r i n g  only  i n  minor 
aspec ts .  They a l l  p r e d i c t  n e a r l y  i d e n t i c a l  gas p r o p e r t i e s  i n  t h e  range of in- 
terest here. The s i m p l e s t  form, t h a t  due t o  Majumdar3, was used 

PV/NRT = 1 + b d V  + ,833 t .287 G 1 t f (b&! ( ? a )  

where bo = high-temperature second v i r i a l  c o e f f i c i e n t .  

I n  a p p l i c a t i o n  t o  t h e  problem a t  hand, Equation (3a)  becomes 

w h e r e b z  C-J c o n d i t i o n  1 
n = mols product  gas/g 

R’ = 82.1 atm-cc O K - m o l  

bo = F i b o i ,  cc  / g product  gas  mix 
a l l  
gaseous 
products  
v i r i a l  c o e f f i c i e n t  of the  i - t h  gaseous product ,  cc/mol bOi n5 - mols of  t h e  i - t h  gaseous products/g product  mix 
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It  i s  assumed below t h a t  on ly  gaseous products a r e  formed by de tona t ion;  t h e  
a n a l y s i s  appl icable  when condensed species a r e  formed w i l l  be d iscussed  l a t e r .  

Paterson4 has  shown t h a t  

where A = i n  undetonated s t a t e  
and klois  def ined by 

k 1 = 1 + nR/CV1-dO(/dVI1 

where Cvl = h e a t  c a p a c i t y  of  product gases  a t  t h e  C-J po in t ,  

c n i  e vl i 
a l l  
products  

cal /g  - OK = 

R = 1.987 cal/mol - OK 
e,, = molar h e a t  capac i ty  a t  cons tan t  volume 

From Equations ( l a )  and (3a) ,  

o(=- V f  
l+f 

The h e a t  capac i ty  a t  c o n s t a n t  volume of a v i r i a l  gas is independent of pressure  
and, a t  low pressures ,  

0 0 0 

" 
whereV= a t  zero pressure  and C-J temperature .  

Define rl by 
0 0 0 0  

1 = ep/ev = cp/Cv 

k 1 = rl -dd/dVil 

(8 1 
Mult iplying Equation ( 7 )  by n and summing over a l l  products ;  and u s i n g  Equations 
(5) and (81, i 

( 9 )  

Then, performing t h e  requi red  d i f f e r e n t i a t i o n  i n  Equation (9)  wi th  t h e  a i d  of 
( 6 ) ,  and s u b s t i t u t i n g  t h e  r e s u l t  and (6)  i n t o  (4), 

V O W )  = V1(4+1) 
where 

g = f (l+f)2-Vldf/dV11 - f 2  
1 

(10) 

Equation (10) g ives  t h e  C-J s p e c i f i c  volume a s  a func t ion  of r ,  b 
t h e  heat-of explosion and t h e  mean h e a t  capac i ty  of t h e  produci  gages betaeen T 
and T1 (C ) a r e  known, t h e  value of V 
i n t o  t h e  #ankine-Hugoniot equat ion  anA (3b) t o  y i e l d  C-J pressure.  
t h e  remaining C-J v a r i a b l e s  a r e  then  e a s i l y  determined wi th  t h e  a i d  of Equation 

and V . When 

found from Equation (10) can be subs t i tu?ed  
The values of  

(9). 
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The procedure ind ica ted  above involves  cyc l ing  on both  pressure  and temperature 
i f  t h e  product d i s t r i b u t i o n  is unknown; i f ,  however, t h e  products formgd a r e  
s t i p u l a t e d ,  cyc l ing  on only  temperature is requi red .  A s  bo th  rl and Cv a r e  
weak func t ions  of temperature,  few i t e r a t i o n s  a r e  needed. 

Both and can be found from published thermochemical t ab le s .  V i s  known. 
Taylor’5 has Tabulated t h e  high temperature second v i r i a l  coe f f i c i enes  of t h e  
most f requent ly  observed products of de tona t ion  i n  CHON explos ives ,  and t h e  
va lues  of bo f o r  o t h e r  spec ie s  can be es t imated  or c a l c u l a t e d  from measured 
in te rmolecular  fo rce  cons tan ts .  

2. Corresponding Equations when Condensed Products a r e  Formed 
The r e s u l t s  c i t e d  above a r e  app l i cab le  only i n  t he  absence of condensed detona- 
t i o n  prpducts;  however, exp los ives  which produce s o l i d s  can be t r e a t e d  i f  c e r t a i n  
assumptions a r e  made regard ing  t h e  p a r t i c i p a t i o n  of t h e  s o l i d  i n  t h e  de tona t ion  
process. It i s  assumed he re  t h a t  t he  s o l i d s  produced a r e  incompressible and i n  
thermal and momentum equ i l ib r ium with t h e  product gas s. 

smal l  e r r o r  i n  p red ic t ed  C-J  p r o p e r t i e s  is  so introduced. 
t h e  e a r l i e r  a n a l y s i s  i n  t h i s  case ,  Equation (10) i s  rep laced  by 

The f i r s t  of these  as- 

Upon car ry ing  ou t  
sumptions i s  not s t r i c t l y  t r u e ,  but Cowan and F i c k e t t  % have shown t h a t  only a 

9 + = xl+( l  + f)*-V, df/dVll -f2 

V = s p e c i f i c  volume of t h e  gas a t  t he  C-J plane 4 = s p e c i f i c  volume of t h e  condensed phase 
m = weight f r a c t i o n  of de tona t ion  products which a r e  gaseous 

n = mols gas per gram t o t a l  products 
1t = 1 + nR/Cvl 

Cv hea t  c a p a c i t y  a t  cons t an t  volume of t o t a l  products,  cal/g-OK 

Equation (11) reduces t o  Equation (10) when m = 1. 

Appl ica t ions  

1. Comparison with Experiment. 
I n  a fash ion  analagous t o  t h a t  app l i cab le  i n  t h e  absence of condensed products,  
a l l  t h e  de tona t ion  parameters of an explos ive  can be ca l cu la t ed  once Equation (11) 
is  solved f o r  V1. A computer program has been w r i t t e n  t o  p r e d i c t  t he  de tona t ion  
parameters. of any exothermic m a t e r i a l  or mixture,  r e q u i r i n g  a s  input  the loading 
d e n s i t y  and hea t  of formation of t h e  explos ive ,  and t h e  s to i ch iomet r i c  c o e f f i c i e n t s  
of each of 29 poss ib l e  products,  i nc lud ing  any so l id .  

It is i n s t r u c t i v e  t o  compare t h e  p re sen t  method of p r e d i c t i o n  with e s t ab l i shed  
techniques; the c u r r e n t  s tudy  was i n i t i a t e d  i n  an e f f o r t  t o  ob ta in  r e f ined  pre- 
d i c t i o n s  of de tona t ion  p res su re ,  so t h i s  parameter i s  used i n  the comparisons t o  
follow. 
compared with experimental  da t a  on a number of high explos ives .  The two tech- 
n iques  p r e d i c t  t h e  experimental  de tona t ion  p res su res  with comparable accuracy. 
A s i m i l a r  comparison wi th  the  p red ic t ions  of t h e  RUBY code i s  included a s  Table 11. 
When t hese  p r e d i c t i v e  methods a r e  app l i ed  t o  o t h e r  c l a s s e s  of explosive compounds, 

In Table I ,  r e s u l t s  of t h e  p re sen t  a n a l y s i s  and t h a t  due t o  Cook a r e  

I 
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1 t h e  v i r i a l  c o e f f i c i e n t  approach, because of i t s  more fundamental b a s i s ,  is 
1 expected t o  p r e d i c t  de tona t ion  p rope r t i e s  a t  l e a s t  a s  a c c u r a t e l y  a s  t h e  o t h e r  

approaches. The v i r i a l  technique a l s o  o f f e r s  t h e  advantage of l ead ing  t o  ex- 
p l i c i t  so lu t ions  f o r  de tona t ion  parameters, a s  w i l l  be shown below. 

\ 

j 

Table I. Detonation Pressures  Sredic ted  from Generalized Covolumes (Cook) 
and from t h e  V i r i a l  Equation of S t a t e  

? 
Reference f o r  Detonation Pressure  

product V i r i a l  
,g/cc d i s t r i b u t i o n  Equation Cook Experimental Ref. Compound 40 

Nit roglycer in  1.6 5 
TNT ' 1.0 5 
TNT 1.455 5 
RDX 1.20 a 
RDX 1.40 a 
RDX 1.59 a 
RDX 1.755 a 

217 
60 

120 
133- 
181 
242 
305 

247 253 b 
67* 64 b 

136* 165 b , c  
136 141 -a,b 
181 213 b 
223 287 b 
276 366 b 

Mean percent  e r r o r  14  14" 

* Experimental r e s u l t s  on TNT were used by Cook t o  genera te  t h e  genera l ized  
p l o t  of covolume versus  C-J s p e c i f i c  volume. 

++ Excluding TNT 

a. 
b. 

c. 

M. A. Cook, "The Science of High Explosives", Reinhold, 1958. 
A. N. h e m i n  e t  a l ,  Eighth Symp. ( In t ' l . )  on Combustion, Williams 

W. B. Garn, J. Chem. Phys. 2, 653 (1960). 
and Wilkins, 1960, p. 610. 

2 Table 11. Detonation Pressures  Predic ted  from t h e  RUBY Code and from 
t h e  V i r i a l  Equation of S t a t e  

Reference f o r  product d i s t r i b u t i o n s :  C. R. Mader, "Detonation 
Performance Calcula t ions  using t h e  Kistiakowsky-Wilson Equation 
of S ta t e "  Los Alamos S c i e n t i f i c  Laboratory Report LA-2613, 
October 9, 1961. 

Compound €0, g/cC 

1.128 2 m  1.197 
1/.071 mol/mol 

1/.25 mol/mol 

1/.5 mol/mol 

1/1.25 mol/mol 

I 7.5 mol/mol 

wm- 1.310 

WTM 1 397 

AN/m 1.380 

EDB TFDNE 1.467 

Yean percent  e r r o r  
/ 

Detonation Pressure 
V i r i a l  

Ref. - Equation RUBY Experimental 

76 151 130 a 
105 168 138 b 

149 195 156 b 

167 200 168 b 

196 191 156 b 

189 185 206 C 

17 19 
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Table I1 (Cont'd.) 

NM = nitromethane 
TNM = t e t r an i t rome thane  
AN = acyr lon i  t r i le 
EDB = e thylderaborane  
TFDNE = tetrafluorodinitroethane 

a. Vi. C. Davis, Los Alamos S c i e n t i f i c  Laboratory unpublished d a t a  
b. W. Garn, Los Alamos S c i e n t i f i c  Laboratory unpublished da ta  
C. N. Garn and C. L. Mader, Los  Alamos S c i e n t i f i c  LaDoratory 

unpublished da ta  

In gaseous de tona t ions ,  b c(V1, and t h e  v i r i a l  equation reduces t o  t h e  i d e a l  
equat ion  of s t a t e .  
t o  determine the  r a t i o  between C-J pressure  and i n i t i a l  p ressure  f o r  gases  s u f f i -  
c i e n t l y  exothermic t o  j u s t i f y  t h e  inequa l i ty  P17>P0. 

A s u b s t a n t i a l  amount o f  e f f o r t  has been expended t o  determine and optimize high- 
impulse p rope l l an t  systems. Many of t hese  mixtures ccn ta in  atoms d i f f e r e n t  from 
those i n  s o l i d  secondary explos ives .  The computer prooram r e f e r r e d  t o  above 
accep t s  product s p e c i e s  con ta in inq  f luo r ine  and boron, and has been used t o  
p r e d i c t  t he  de tona t ion  c h a r a c t e r i s t i c s  of severa l  impulse-optimized b ip rope l l an t s  
based on these  elements. The r e s u l t s  of t he  ana lys i s  a r e  presented  a s  Table 111. 
Product d i s t r i b u t i o n s  a r e  from Dobbins7, exLept where noted. 

As none of t he  mixtures  i n  Table I11 have Deen optimized a s  explos ives ,  on ly  
q u a l i t a t i v e  conclus ions  can  be drawn regarding t h i s  use of b ip rope l l an t s .  
e x h i b i t  t he  d e s i r a b l e  high energy of pe r fec t ly  or near ly  balanced system, >J* 
have too  low a d e n s i t y  and too high a vo13tilit.y t o  be very  promising. 

Thereyore, t h e  computer program descr ioed  aDove can be used 

2. Detonations i n  High Energy Propel lan t  Systems 

They 

Table 111. Pred ic t ed  Detonation Characze r i s t i c s  of High-Energy %prope l l an t s  

i k t o n a t i c n  P r c o e r t i e s  
Percent Loadicg .-rc-ss';re, 

Oxidizer Fuel ox id igg r  a a s i s  i&nsitv.a/cc Tam&e~&qed~ '  lk+~~c_&~yLrA~s --;is_-.. . 
. ^ l  

N204 N2H4 33 Mol* 1.222 5170 5710 131 

N2Fq %H4 50 Mol** 1.438 8280 5253 ,si 
N2H4 55 Weight 1.230 6250 9990 .<-?b' F2 

F2 

NF3 B5Hs 

, ' A 2  

B5H9 20 Weight 1.172 7520 679.3 137 

87 d e i g h t  1.288 7160 6300 14i  

OF2 UDMH 72 Weight 1.209 6940 5340 1S7 

* 
** Sto ich iomet r i c  t o  H 0 and N2 

S to ich iometr ic  t o  H$ and N2. This mixture i s  o r d i n a r i l y  hyper2ol ic  
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3. Approximate Solu t ion  f o r  Detonation Pressure 
The procedure o u t l i n e d  above y i e l d s  f a i r  p red ic t ions  of t h e  d e t o n a t i o n  charac- 
t e r i s t i c s  of systems of i n t e r e s t .  I f ,  however, some f u r t h e r  assumptions a r e  
made i n  t h e  a n a l y s i s ,  equa t ions  can be der ived which s t i l l  p r e d i c t  de tona t ion  
parameters with f a i r  accuracy, y e t  can be used t o  make more r a p i d  e s t i m a t e s  of 
C-J p r o p e r t i e s  of i n t e r e s t .  In addi t ion ,  these  equat ions can i n d i c a t e  to .what  
degree var ious  p r o p e r t i e s  of a de tona t ing  explosive and i t s  products  a f f e c t  t h e  
condi t ions  behind a C-J  detonat ion.  

I t  can be shown t h a t ,  i f  h e a t  capac i ty  i s  independent of temperature ,  t h e  C-J 
p r o p e r t i e s  can be determined whe: th?  values  of only four  parameters  a r e  speci-  
f i e d ;  these  v a r i a b l e s  a r e  bo, Vo , 1 , and 9, the  s tandard  change, i n  c a l o r i e s ,  
of i n t e r n a l  energy accompanying the  reac t ion .  
t i o n  parameters can be def ined  a s  func t ions  of only bo, Vo+ and rt, v i z :  

Dimensionless o r  reduced detona- 

c 

(12) 

V i s  found from Equation (11). Cgs u n i t s  a r e  used except  where ind ica ted .  The 
aAalysis  t o  fol low w i l l  be l i m i t e d  t o  t h e  devia t ion  of a s imple method of pre- 
d i c t i n g  de tona t ion  pressure ;  s i m i l a r  approaches can be used t o  d e r i v e  analogous 
equat ions  f o r  o t h e r  de tona t ion  parameters. 

A d i g i t a l  computer was used t o  preqare t a b l e s  of reduced d e t o n a t i o n  parameters 
f o r  a s e r i e s  of i n p u t  val*Jes of Vo, bo and r,+. 
v a r i a b l e s  covered was: 

The range of  independent 

(1) rl+: 1.01 t o  1.30, i n  i n t e r v a l s  of 0.01 

(2)  
(3)  

bo: 0.6 t o  1.4 cc/g, i n  i n t e r v a l s  of 0.1 cc/g 
Vof :  0.5 t o  1.0 cc/g, i n  i n t e r v a l s  of 0.1 cc/g 

Over t h e  range of i n t e r e s t  of these v a r i a b l e s ,  p l o t s  of P' v e r s u s  .y+ -1 a r e  
e s s e n t i a l l y  l i n e a r  and pass  through t h e  o r i g i n ,  with the  degree of curva ture  
r i s i n g  a s  b and = l /Vo+ increase.  However, even f o r  t h e  l a r g e s t  va lues  
of b a n d f O +  P f$nR decreases  only eleven percent  between r+ values  of 1.01 
and 9.30. %:refore, 

+ 
p' 5 nR P(bo,V, 1 

cV 
where p = slope of p l o t  of P' versus  Y+-l. 

Usually, 9>>CVTo, SO 

p(bo, V,') = p 
Mpcv 

P -  
' . mcv 

where !$, = mean molecular  weight of t h e  gaseous products 

P l o t s  of p(be,vo+) are, given a s  Figure 1. 
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Equat ion (14)  i n d i c a t e s  some d i r e c t i o n s  t o  be taken i n  t a i l o r i n g  molecules t o  
produce h igh  or  low de tona t ion  pressures .  
c u l t  t o  e f f e c t  l a r g e  changes i n  t h e  v i r i a l  c o e f f i c i e n t ,  a l though a s tudy  o f  
t h i s  proper ty  might i n d i c a t e  which c l a s s e s  of compounds should de tona te  more 
o r  less  s t rongly .  The formation of s o l i d  de tona t ion  products is  seen from 
Fig. 1 t o  reduce de tona t ion  pressure  and the  well-known e f f e c t s  of loading 
d e n s i t y  and h e a t  of de tona t ion  are confirmed. From a s t a t i s t i c a l  mechanical 
i n t e r p r e t a t i o n  of t$,C,,, a very important  parameter determining de tona t ion  pres- 
s u r e  is  found t o  be the  average number of atoms i n  t h e  product gases. I n  t h e  
absence of condensed products ,  as t h i s  r a t i o  i s  lowered from f i v e  t o  four  t o  
t h r e e  t o  two,  with no o t h e r  changes, p red ic ted  de tona t ion  pressure rises from 
P g P  t o  1.3P t o  1.9P t o  3.6P:  
s tudy  . 

I t  would appear  t o  be r a t h e r  d i f f i -  

The e f f e c t  of t h i s  parameter bears  f u r t h e r  

Conclusions 

A method of p r e d i c t i n g  t h e  Chapman-Jouguet de tona t ion  c h a r a c t e r i s t i c s  of a con- 
densed explos ive  has been developed. The gaseous explosion products  a r e  assuned 
t o  obey t h e  v i r i a l  equat ion of s t a t e .  The a n a l y s i s  involves  no a d j u s t a b l e  para- 
meters and p r e d i c t s  de tona t ion  pressure  as well a s  o r  b e t t e r  than  s o l u t i o n s  based 
on t h e  b e l  o r  Kistiakowsky-Ailson equations. 
t o  permit  t h e  e x p l i c i t  e s t i m a t i o n  of de tona t ion  pressure ,  which i s  seen t o  r i s e  
very  r a p i d l y  as  t h e  average number of atoms p e r  product  molecule decrease.  

The s o l u t i o n  has  been s i m p l i f i e d  
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